The application of femtosecond pump-probe photoelectron spectroscopy to directly observe vibrational wave packets passing through an avoided crossing is investigated using quantum wave packet dynamics calculations. Transfer of the vibrational wave packet between diabatic electronic surfaces, bifurcation of the wave packet, and wave packet construction via nonadiabatic mixing are shown to be observable as time-dependent splittings of peaks in the photoelectron spectra. DOI: 10.1103/PhysRevLett.90.248303 PACS numbers: 82.20.Gk, 33.60.-q, 82.53.Eb, 82.53.Kp The concept of nonadiabatic transitions is fundamental to an understanding of chemical phenomena [1, 2] . A typical example, and the one of interest here, is intramolecular electron transfer induced by vibrational motion in the excited state of alkali halides such as the NaI molecule. Pump-probe studies of this system have demonstrated the decrease of wave packet population on the excited adiabatic surface due to dissociation at the avoided crossing [3, 4] . Oscillations in the population of the dissociative products (Na and I) due to the interference of wave packets on the covalent and ionic potentials merging at the avoided crossing have also been observed [3] . Although bifurcation of wave packets must be invoked to explain these observations, no real-time evidence of the instance of wave packet bifurcation has yet been experimentally observed. Such direct observation, if possible, would be interesting in itself, but also quite significant to studies of electron transfer, wave packet engineering, and reaction control through wave packet splitting and mixing. Also, from the perspective of quantum measurement, wave packet bifurcation corresponding to an intramolecular double-slit experiment will shed light on the evolution of quantum entanglement between electronic and nuclear motion [5] . Bifurcation and merging of wave packets are important as an intrinsic mechanism of ''quantum chaos,'' which has no simple classical counterpart [6 -8].
The concept of nonadiabatic transitions is fundamental to an understanding of chemical phenomena [1, 2] . A typical example, and the one of interest here, is intramolecular electron transfer induced by vibrational motion in the excited state of alkali halides such as the NaI molecule. Pump-probe studies of this system have demonstrated the decrease of wave packet population on the excited adiabatic surface due to dissociation at the avoided crossing [3, 4] . Oscillations in the population of the dissociative products (Na and I) due to the interference of wave packets on the covalent and ionic potentials merging at the avoided crossing have also been observed [3] . Although bifurcation of wave packets must be invoked to explain these observations, no real-time evidence of the instance of wave packet bifurcation has yet been experimentally observed. Such direct observation, if possible, would be interesting in itself, but also quite significant to studies of electron transfer, wave packet engineering, and reaction control through wave packet splitting and mixing. Also, from the perspective of quantum measurement, wave packet bifurcation corresponding to an intramolecular double-slit experiment will shed light on the evolution of quantum entanglement between electronic and nuclear motion [5] . Bifurcation and merging of wave packets are important as an intrinsic mechanism of ''quantum chaos,'' which has no simple classical counterpart [6 -8] .
Pump-probe photoelectron spectroscopy has been demonstrated to be a powerful means to monitor real-time reaction dynamics [9] [10] [11] [12] [13] [14] . We here show theoretically that the method permits real-time observations of a wave packet passing through an avoided crossing, using excited-state dynamics of NaI as an example.
The pump-probe spectroscopy of NaI has been studied extensively [3, 4, [15] [16] [17] [18] [19] [20] [21] . Figure 1 depicts the pump-probe scheme and the relevant potential curves for femtosecond photoelectron spectroscopy of the excited-state wave packet dynamics. The adiabatic excited state features an extended well whose character changes from covalent at shorter distances to ionic at larger distances due to an avoided crossing with the ground state at 7
A [22, 23] . In the diabatic representation, the same system is viewed as an ionic curve (here called V 1 ) intersecting a covalent curve (V 2 ), with an associated nonadiabatic interaction (V 12 ). The diabatic curves are shown in Fig. 1 .
The excited-state wave packet dynamics to be investigated are shown as contour plots of the square modulus of the time-evolving wave packets in Fig. 2 . Centered at time t 0, the pump pulse [ h! 1 3:73 eV, full width at half maximum (FWHM) 40 fs] forms a wave packet on the excited electronic state directly above the initial ground state wave packet at 2.7 Å . The wave packet on the V 2 curve reaches the crossing point (depicted here with dotted lines) at about 0.2 ps. Bifurcation of the wave packet occurs at this point; most of the packet (90%) is transferred onto the V 1 curve (i.e., the evolution is mostly adiabatic), while a small portion remains on the V 2 curve and eventually dissociates. The packet reflected from the We compute the photoelectron spectra using a quantum wave packet method described in a previous paper [13] with enhancements to handle the nonadiabatic interactions. Briefly, the system is expanded in terms of the three relevant electronic states: 1 (V 1 state), 2 (V 2 state), and
where k labels the wave vector of the photoelectron. Substitution into the time-dependent Schrö dinger equation results in coupled dynamical equations for the vibrational wave packets 1 , 2 , and k of the form (in atomic units)
where T N is the kinetic energy operator; V k;d is the ionization interaction matrix element, including dependence on molecular geometry (R), photoelectron energy and angle, probe pulse shape, and polarization ( P ); and molecular rotation has been neglected. The equation for 2 is analogous to that for 1 . The photoelectron spectra are calculated from the vibrational wave packets after the probe interaction as
The photoionization matrix elements employed in these studies are obtained using high-quality wave functions for the bound states and photoelectron continuum. Further details of the calculation will be published in a later paper [24] . Preliminary results for this calculation were presented earlier [21] . A summary of some key features of the NaI wave packet dynamics and the photoionization scheme is as follows. Transfer of the vibrational wave packet from the ''flat'' V 2 curve to the ''steep'' V 1 curve results not only in a rapid change in kinetic energy but also in a drastic change in the ionization amplitude, the ionization amplitude from the ionic V 1 state being much larger than that from the covalent V 2 state. The amplitude difference is dependent on the orientation of the probe pulse's polarization vector relative to the molecular axis and is greatest when the molecule is perpendicular to the probe polarization. The results presented here assume that arrangement. Wave packet motion is monitored by a timedelayed ionizing probe pulse ( h! 2 5:34 eV, FWHM 40 fs). With the pump and probe energies fixed, the Condon principle (which we have confirmed to be mostly valid in our system) implies that the kinetic energy of the photoelectrons is essentially determined by the kinetic energy of the relevant vibrational wave packet. Ionization from the flat region of the V 2 curve beyond 5
A produces a distribution of photoelectrons centered at 0:5 eV, whereas ionization from the V 1 curve to the right of the crossing produces higher photoelectron energies, typically in the range of 0.6 -1.0 eV. In particular, ionization at the right-hand turning point yields photoelectrons with 1:0 eV. The 5.34 eV probe pulse can also ionize wave packets off the V 1 curve below and to the left of the crossing point down to 6 A, which typically gives a peak at 0:2 eV in the photoelectron signal. Although ionization from V 2 to the right of the crossing point is energetically possible, the small population produced there, along with the small photoionization amplitude, results in a negligible signal. The features just described should be more or less common to systems of intramolecular electron transfer.
In what follows, we demonstrate via three examples that patterns of splitting in the photoelectron signal can directly reflect the passage through and bifurcation of the wave packet at the crossing point. Photoelectron spectra from the first nonadiabatic passage are shown in Fig. 3 . Figure 3(a) shows an enlarged view of the diabatic potential curves near the crossing; overlaid are the modulus squared of wave packets at three representative times. Wave packets drawn with solid lines are on the V 1 curve, those with broken lines on V 2 . Figure 3(b) shows the photoelectron spectra for the same snapshot times as (a). At 190 fs, the excited-state wave packet is mostly on the V 2 curve, resulting in photoelectron kinetic energies of 0:5 eV. As the wave packet is transferred to the V 1 curve (220 and 245 fs), it is forced to move uphill and slow, causing the photoelectron energies to increase to 0:7 eV. In the present case the difference in the nature of the potential curves (neutral vs Coulombic) enables a clear observation of the vibrational wave packet transferring from one diabatic electronic state to another. Figure 4 depicts a case in which the nonadiabatic splitting of the wave packet produces a three-peaked signal. Figure 4(a) shows wave packet snapshots between 680 and 820 fs and 4(b) the corresponding photoelectron spectra. As in the previous example, ionization from the V 2 curve results in photoelectron kinetic energies of 0:5 eV while ionization from the V 1 curve to the right of the crossing yields photoelectrons with 0:7 eV, directly manifesting the transfer and bifurcation of the wave packet between the diabatic states. A novel feature of the present case is a low-energy signal seen at 0:2 eV, which arises from the packet component that has evolved onto the V 1 state to the left of the crossing. Because of a large photoionization amplitude in the region near 6 Å , this small V 1 component caused by bifurcation of the wave packet at the crossing is observable in the spectrum.
Our final example is observation of wave packets with different histories after the second passage through the crossing point at about 700 fs. Figure 5 shows wave packet snapshots and photoelectron spectra in the time range 1090-1170 fs, corresponding to the third passage through the crossing point. The small packet on V 1 , which by 1170 fs is located near the right-hand turning point (9-10 Å ), has been evolving on the V 1 curve, while the larger one is transferring from the V 2 curve, a process nearly over by 1170 fs. The photoelectron signals between 0.4 and 0.8 eV again represent the larger wave packet bifurcated between the V 2 and V 1 curves, as in Fig. 3 . Because of the large photoionization amplitude near the righthand turning point on V 1 , ionization of the smaller packet in this region is also observable at 1:0 eV. Thus a threepeaked distribution becomes clearly visible at 1140 fs, but one that is completely different in nature from that observed at 735 fs in Fig. 4 .
In this Letter we have shown that the passage and bifurcation of a wave packet through the avoided crossing can be observed as a splitting in the photoelectron energy signal. The key to making the effect more readily observable is that both the potential (and thus photoelectron) energy and the ionization amplitude should vary strongly with position on at least one of the potential curves involved. We note that the results presented are for a particular, favorable molecular orientation (molecular axis perpendicular to the probe pulse polarization); other orientations may be preferable in other systems. Although in practice the molecules will have a distribution of orientations, the pump pulse will produce a fairly aligned distribution; moreover, molecular rotation can be neglected during the short time between pump and probe. Finally, conical intersections are ubiquitous in polyatomics [25] and result in much more complex bifurcation dynamics than in the simpler case of an avoided crossing in a diatomic system studied here. The formulation and computational implementation employed here are being extended to higher dimensions and will be used in studies of pump-probe photoelectron spectra at conical intersections in a few simple systems. This work has been supported in part by a Grant-inAid for the 21st Century COE Program for Frontiers in Fundamental Chemistry from the Ministry of Education, Culture, Sports, Science and Technology (Japan), by the Mitsubishi Foundation, and by the National Science Foundation (U.S.A.). 
